Dissemination of Shiga toxin (Stx)-encoding bacteriophages is the most likely mechanism for the spread of Stx-encoding genes and the emergence of new Stx-producing Escherichia coli (STEC). Biofilm has been reported to be a place where horizontal gene transfer by plasmid conjugation and DNA transformation may occur, and in this study, horizontal gene transfer by transduction has been demonstrated. Transfer of Stx-encoding bacteriophages to potentially pathogenic E. coli in biofilm was observed at both 20°C and 37°C. The infection rates were higher at 37°C than at 20°C. To our knowledge, this study is the first to show lateral gene transfer in biofilm mediated by a temperate bacteriophage. The study shows that the biofilm environment can be suitable for transduction events and can thereby be an environment for the emergence of new pathogenic E. coli.
S
higa toxin-producing Escherichia coli (STEC) is a food-borne pathogen that may cause diseases ranging from mild diarrhea to hemorrhagic colitis and complications such as the life-threatening hemolytic-uremic syndrome (HUS) (1) . An array of virulence characteristics have been described for STEC (reviewed in references 2, 3, and 4), and some of these, such as the eae-encoded adherence factor intimin, are found in other E. coli pathogroups as well. However, the major virulence factor of STEC is the production of Shiga toxins (Stx). This characteristic defines the STEC pathogroup. The stx genes are located within a heterogeneous family of temperate lambdoid bacteriophages. The host range of Stx-encoding bacteriophages is highly variable, and bacteriophage transduction into a wide range of E. coli species and also other related species in the Enterobacteriaceae (e.g., Shigella spp., Citrobacter freundii, and Enterobacter cloacae) has been shown in vitro in planktonic cells (5) (6) (7) . Moreover, transduction is of importance for the development of emerging pathogenic E. coli, such as, for instance, E. coli O104:H4, which caused a large European outbreak in 2011 (8) , and possibly also E. coli O103:H25, which caused an outbreak in Norway in 2006 (9) .
Transfer of stx genes by temperate bacteriophages has been reported to take place in the gastrointestinal tracts of various animals (10) (11) (12) and in various food matrices at different temperatures (13, 14) . Bacterial biofilms are believed to be the natural way of living for the majority of bacterial species. Within bacterial biofilms, vast numbers of bacterial cells live closely together in sessile microbial communities (15) . Consequently, the biofilm environment could be an ideal setting for phage-mediated stx gene transfer. Gene transfer by plasmid conjugation and DNA transformation within biofilms has been reported previously (16) . The use of lytic bacteriophages on biofilm as an antibacterial strategy has also been described (17, 18) , but to the best of our knowledge, incorporation of bacteriophagecarried genes into the bacterial host genome through lysogeny has not previously been shown in biofilms.
The ability to acquire and incorporate foreign DNA through horizontal gene transfer is an important driver of bacterial evolution, including the spread of antibiotic resistance genes and virulence genes (19) . Dissemination of Stx-encoding bacteriophages is the most likely mechanism for the emergence of new STEC serotypes. In the present study, we showed that phage-mediated stx 2 gene transfer can occur within biofilms.
MATERIALS AND METHODS
Bacteriophage and bacterial strains. An Stx2-encoding bacteriophage, 731 (⌬stx 2 ::cat) (hereafter called 731), in which a chloramphenicol resistance gene (chloramphenicol acetyltransferase; cat) has been inserted into stx 2 , was used in the experiments. The original bacteriophage was carried by an E. coli O103:H25 isolate from a Norwegian HUS patient (9) , but the bacteriophage construct, 731, was carried by E. coli DH5␣. As the latter did not produce biofilms in our system, the bacteriophage was transduced into the host E. coli C600, as described below, resulting in E. coli C600:731, which was then used as the donor strain in the experiments. An eae-positive, stx-negative E. coli O103:H25 strain (2006-22-1199-51-2, an isolate from sheep), hereafter called E. coli O103:H25 1199 (20) , was used as the recipient strain in the transduction studies. Characteristics of all the strains are listed in Table 1 .
All strains were stored at Ϫ80°C in brain heart infusion broth (BHI; Difco, BD, Franklin Lakes, NJ) supplemented with 15% glycerin (Merck KGaA, Darmstadt, Germany) and recovered on bovine blood agar at 37°C overnight. The bacterial cultures were then transferred to Luria-Bertani broth (LB; Merck KGaA) and incubated statically overnight at 37°C. LB without NaCl (containing Bacto tryptone [10 g/liter] and yeast extract [5 g/liter] ) was used as the growth medium in the biofilm assays.
Construction of donor strain E. coli C600:731. A stable donor strain, E. coli DH5␣:731 was prepared as previously described (21) . First, E. coli DH5␣:731 was grown in 30 ml LB broth with 5 mM CaCl 2 to the exponential growth phase (optical density at 600 nm [OD 600 ], 0.3 to 0.5) and then induced with mitomycin C (0.5 g/l) (Sigma-Aldrich, St. Louis, MO) and incubated overnight for the production of bacteriophage particles, as described by Muniesa et al. (22) . The lysed culture was subsequently centrifuged at 3,000 ϫ g for 10 min and then filtrated through a 0.2-m Minisart Plus syringe filter (Sartorius Stedim Biotech S.A., Aubagne Cedex, France), giving a filtrate with 731 bacteriophages. The presence of bacteriophages in the filtrate was confirmed by detection of plaques after plating on LB soft agar (5 mM CaCl 2 ) containing E. coli C600.
Ten fold dilutions of the bacteriophage filtrate were prepared, and 100 l of each dilution was added to 900 l of a culture of E. coli C600. The bacteria were grown to the exponential phase (OD 600 , 0.3 to 0.5) in LB broth and incubated at 37°C for 30 min. LB soft agar with 5 mM CaCl 2 was mixed with the bacteriophage filtrate and the E. coli C600 culture, plated on LB agar with 5 mM CaCl 2 and 25 mg/liter chloramphenicol, and incubated overnight at 37°C. Colonies growng on LB with chloramphenicol (25 mg/liter) were the donor strain containing 731. The inserted construct in E. coli C600:731 was verified as prophage 731 by the presence of ⌬stx 2 ::cat and increased chloramphenicol resistance compared to E. coli C600 (Table 1) as described for presumptive transductants below.
Host susceptibility of recipient strain to bacteriophage 731 and transduction experiment with planktonic cells. Host susceptibility of the recipient strain E. coli O103:H25 1199 to bacteriophage 731 was confirmed by the observation of plaque formation after plating of the bacteriophage filtrate onto LB soft agar (5 mM CaCl 2 ) containing the recipient strain. For the transduction experiment with planktonic cells, overnight cultures of the donor E. coli C600:731 (1%) and the recipient strain E. coli O103:H25 1199 (1%) were mixed in 30 ml LB without NaCl. Mixed cultures were incubated at 37°C and 20°C for 8 days under static conditions. Every 24 Ϯ 2 h, 10-fold dilutions were plated on CHROMagar O157 (CHROMagar Microbiology, Paris, France) containing chloramphenicol (25 mg/liter) to detect transductants. Colonies that were purple in color were considered presumptive transductants. Two presumptive transductants from each experiment at both temperatures were verified as nonhemolytic E. coli strains and tested serologically with E. coli O103 antiserum for live cultures (Statens Serum Institut, Hillerød, Denmark).
Biofilm formation ability. Biofilm-forming abilities were tested in microtiter plates (Nunc A/S, Roskilde, Denmark) using a crystal violet binding assay, as previously described by Vestby et al. (23) , at 37°C and 20°C with 3 days of incubation. Optical density, indicating the amount of biofilm produced, was measured at 595 nm.
Determination of chloramphenicol concentration for transduction growth medium. To decide which concentration of chloramphenicol to use in the growth medium during the transduction experiments, the effect of 0 mg, 25 mg, and 50 mg chloramphenicol per liter of growth medium on bacteria in biofilms was tested. Biofilms of the recipient strain were grown on glass slides as described below for the transduction experiment. After 48 Ϯ 2 h, planktonic cells were washed off and the glass slides with the biofilm was transferred to sterile tubes with the growth medium, LB broth without NaCl, containing the different concentrations of chloramphenicol. The biofilms were harvested every 24 Ϯ 2 h up to 6 days at 20°C, as described for the transduction experiment below. The numbers of living cells in the biofilm and the growth medium were determined by plating 10-fold dilutions on bovine blood agar.
Transduction experiments within biofilms. (i) Biofilm formation and addition of donor strain. An overnight culture of the recipient strain was inoculated (10 l) into sterile centrifuge tubes (Greiner Bio-One GmbH, Frickenhausen, Germany). An autoclaved glass slide (76 by 26 mm; Gerhard Menzel GmbH, Braunschweig, Germany) was placed in each tube. The glass slides were partially submerged in the broth, as the strains used in the experiments mainly produced biofilms at the liquid-air interface. The tubes were incubated for 48 Ϯ 2 h at 37°C or 20°C to allow the formation of biofilms on the glass slides. After incubation, the glass slides were removed from the broth and planktonic cells were gently washed off using sterile physiological salt water. The slides were then transferred to new tubes containing 10 ml LB broth without NaCl containing chloramphenicol (50 mg/liter). Ten microliters of an overnight culture of the donor strain was added to each tube before further incubation at the chosen temperature for up to 8 days. Initially, the experiments were performed in parallel under both static and shaking (100 rpm) conditions. However, incubation with shaking was found to have no effect on viable biofilm counts, and further experiments were performed under static conditions only.
(ii) Harvesting and enumeration of E. coli within the biofilm. Biofilm cells were harvested every 24 Ϯ 2 h for the first round of experiments at 20°C and 37°C and then every 48 Ϯ 2 h for the repeats. The glass slides were removed from the tubes, and planktonic cells were gently washed off the slides in sterile physiological salt water. The biofilm was thoroughly scraped off using a sterile cell scraper (BD Falcon, Bedford, MA) and transferred to a reagent tube containing 4 ml sterile saline and about 30 (3-mm-diameter) sterile glass beads. Biofilms were disrupted by vortexing at maximum speed for 40 s. Tenfold dilutions were plated in parallel on CHROMagar O157 medium containing chloramphenicol (25 mg/liter) and bovine blood agar. The CHROMagar O157 medium with chloramphenicol was used to enumerate chloramphenicol-resistant cells of donor E. coli C600:731 (blue colonies) and transductant E. coli O103: H25 1199:731 (purple colonies). The bovine blood agar was used for enumeration of cells of E. coli C600 (hemolytic donors) and E. coli O103: H25 (nonhemolytic recipients and transductants) and determination of total bacterial growth. Colonies from the blood agar were tested serologically with E. coli O103 antiserum for live cultures (Statens Serum Institut, Hillerød, Denmark) to confirm that the morphology agreed with what was expected for the serogroup. Each experiment was performed at least three times on separate days, and the results are given as means of all experiments.
Confirmation, stability, and characterization of presumptive transductants. Five presumptive transductants from each experiment were verified by PCR for the ⌬stx 2 ::cat construct by using the primers rho and Cm-3 (Table 2), as previously described by Serra-Moreno et al. (24) . The donor strain was used as a positive control. The stability of these transductants was verified as follows. The colonies were replated twice on new CHROMagar O157 plates with chloramphenicol (25 mg/liter), followed by PCR to detect the inserted construct. The bacteriophage insertion site was investigated by PCR using the primers Int933W-rev3 and wrbAEDL933-F (Table 2), as previously described by Sekse et al. (9) . The insertion site was further confirmed by sequencing of two transductants using the same primers.
RESULTS

Transduction experiments with planktonic cells.
In transduction experiments where both donor and recipient cells were planktonic, transductants were detected after 24 h at both 37°C and 20°C. Biofilm-forming abilities. The biofilm-forming abilities of the recipient and donor strains were investigated on polystyrene in microtiter plates. The OD 595 of the recipient strain, E. coli O103:H25 1199, was 0.022 at 37°C and 0.097 at 20°C, indicating a low level of biofilm production ( Table 1 ). The donor strain, E. coli C600:731, displayed a higher level of biofilm production at both temperatures, i.e., an OD 595 of 0.237 at 37°C and an OD 595 of 2.030 at 20°C.
Determination of chloramphenicol concentration for transduction growth medium. With chloramphenicol at a concentration of 25 mg/liter in the biofilm growth medium, planktonic cells of the recipient strain were detected in the medium throughout the experiment. At a chloramphenicol concentration of 50 mg/ liter, no planktonic recipient cells were detected in the medium. At this concentration, a small reduction in the number of recipient cells within the biofilm was observed during the first 2 days. After that, the number of recipients within the biofilm remained the same. In addition, this concentration did not affect planktonic growth of the donor cells. Consequently, a chloramphenicol concentration of 50 mg/liter was used in the growth medium during the transduction experiments.
Transduction within biofilm. (i) Transduction within the biofilm at 37°C. After the initial 2 days of incubation at 37°C, a visible biofilm of the recipient strain E. coli O103:H25 1199 could be seen at the air-liquid interface on both sides of the glass slides. Two days after addition of the donor strain E. coli C600:731, the amount of donor cells within the biofilm reached a peak before rapidly decreasing. After 6 days, donor cells were no longer detected within the biofilm. Presumptive transductants were found within the biofilm after 2 days. Their number increased steadily throughout the experiment, reaching the same level as the recipient strain at the end of the experiment. Planktonic donor cells and presumptive transductants, but no recipient cells, were detected in the biofilm growth medium. The changes in the components of the biofilm during the experimental period are shown in Fig. 1 .
(ii) Transduction within the biofilm at 20°C. At 20°C, a visible biofilm of the recipient strain, E. coli O103:H25 1199, could be observed after the initial 2 days of incubation. After introduction of the donor strain, the number of donor cells in the biofilm rapidly increased for the first 6 days until it reached approximately 10 times the number of recipient cells. Presumptive transductants were only observed in the biofilm in two of the three experiments, and only on the 8th day of the experiment period. In these two experiments, presumptive transductants were also detected in the biofilm growth medium. In all three experiments, planktonic donor cells, but no recipient cells, were detected in the biofilm growth medium. The changes in the components of the biofilm during the experimental period are shown in Fig. 2 .
Confirmation, stability, and characterization of presumptive transductants. Using colony morphology, ability to grow on CHROMagar O157 with chloramphenicol, O103 serotyping, and PCR for the inserted construct, presumptive transductants were con- firmed as E. coli O103:H25 1199:731 in all positive experiments at both temperatures. Furthermore, the stability of the lysogens was confirmed. Bacteriophage 731 used insertion site wrbA in all tested transductants. Two of the isolates were verified by sequencing after screening for a PCR product of the correct size.
DISCUSSION
To the authors' knowledge, this is the first study to show lateral gene transfer in biofilms mediated by a termperate bacteriophage. The experiments were performed using E. coli donor cells containing an Stx2 bacteriophage (⌬stx 2 ::cat) and E. coli recipient cells. After the donor was introduced to a biofilm formed by the recipient, we identified transductants with an intact functional bacteriophage within the biofilm at both 20°C and 37°C. The addition of chloramphenicol to the growth medium inhibited survival of planktonic recipient cells, as confirmed in all the experiments by the fact that planktonic cells of the recipient strain were never detected in the growth medium. Thus, the transduction must have taken place within the biofilm. Differences in transduction events, as well as in the composition of the biofilms at the end of the experiments, could be observed for 20°C and 37°C. At both temperatures, the donor strain rapidly entered the biofilm. However, after 8 days, recipients and transductants dominated the biofilm at 37°C, whereas the donor was the dominant cell type at 20°C. We hypothesize that donors that entered the biofilm at 37°C were lysed, releasing the bacteriophage that infected recipients within the biofilm. In addition, lytic events may also have occurred outside the biofilm, releasing free bacteriophages that entered the biofilm. However, regardless of where the release of bacteriophages took place, infection of recipient cells must have occurred within the biofilm. Furthermore, because transductants were resistant to chloramphenicol, they could move freely between the biofilm and the growth medium and multiply in both places. Some transductants could possibly also act as donors themselves, contributing to increased dissemination of the bacteriophage. All these events would contribute to the high number of transductants detected within the biofilm.
At 20°C, few transductants were observed, and only at the end of the experiment. The number of donors was 10-fold higher than the number of recipients. Although the two strains displayed the same planktonic growth rate in the biofilm medium (results not shown), the donor strain was a much better biofilm producer than the recipient in our biofilm assay at this temperature. This difference could also be observed visually when the two strains produced biofilms on separate glass slides under the same conditions (results not shown). This may be a reason for the high number of donor strain cells within the biofilm at the end of the experiment. Whether the donor/recipient ratio had an impact on the low transduction rate observed in the the biofilm is not known. However, earlier studies indicate that a 10:1 donor/recipient ratio does not influence the transduction rate in other experimental systems (13, 14) . It is possible that temperature influenced the rate of transduction. Bacteriophages often show a temperature optimum for both adsorption and replication which reflects the ecological origin of the bacteriophage more closely than the growth optimum of the host bacterium (25) . Imamovic et al. (13) reported differing numbers of stx transduction events at 15°C and 22°C. At those temperatures, transduction seemed to be dependent on the bacteriophage, which was not the case at higher temperatures, i.e., 25 to 37°C. Only one bacteriophage was used in the present study, and transduction did occur at 20°C when both donor and recipient cells were planktonic. However, a different result in the biofilm might have been obtained at 20°C with the use of another bacteriophage.
A nationwide outbreak of illness attributable to stx 2 -positive E. coli O103:H25 occurred in Norway in 2006. The outbreak was caused by a fermented sausage made from contaminated mutton, and stx-negative E. coli O103:H25 was detected both in the fermented sausage and in mutton meat (26) . Later, it was shown that stx-negative E. coli O103:H25 is not uncommon among sheep flocks in Norway (5.8% [20] ), but stx-positive E. coli O103:H25 has not been detected. Even though the possibility that a small undetected reservoir of stx-positive E. coli O103:H25 may exist in Norwegian sheep cannot be excluded, the Stx2 bacteriophage may also have been introduced somewhere along the food chain. In the present study, the method used for investigating transduction in biofilms was therefore optimized for E. coli O103:H25 as the recipient strain. The method can easily be modified to suit other strains as long as they have some biochemical differences that will identify them in the plate counting step. Here we used both hemolytic activity on bovine blood agar and different colors of the strains on the chromogenic medium, CHROMagar O157. Furthermore, we used chloramphenicol to make sure that growth of the recipients occurred within the biofilm only. McGannon et al. (27) found that subinhibitory levels of antibiotics targeting transcription, translation, or the cell wall did not increase Stx production, and thereby not the level of bacteriophage induction either. This contrasts with the situation when using antibiotics targeting DNA synthesis. As chloramphenicol inhibits protein synthesis, it is not among the antibiotics that increase toxin production and bacteriophage induction. The use of chloramphenicol should therefore not have an effect on the experimental outcome. We have also performed experiments with an E. coli O103:H2 strain as the recipient, but the growth of this strain on CHROMagar O157 was so similar to the donor that it was difficult to quantify transductants. However, we did observe E. coli O103:H2 transductants in the biofilm (results not shown), indicating that transduction events in the biofilm, as demonstrated here, may also occur for other E. coli serotypes.
In conclusion, this study demonstrated phage-mediated stx 2 gene transfer within a biofilm of potentially pathogenic E. coli. This indicates that the biofilm can be an environment for the emergence of new pathogenic E. coli strains.
